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do	not	 represent	 a	 barrier	 to	 the	 routine	 adoption	of	DNA-	analysis	 techniques	 in	
fisheries	and	aquaculture	compliance	investigations.	Thus,	control	and	enforcement	
agencies	should	be	encouraged	to	use	such	techniques	routinely.
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1  | INTRODUC TION
DNA-	analysis	 can	 answer	 a	 number	 of	 questions	 relevant	 to	 con-
trol	 and	 enforcement	 and	 supply	 chain	 traceability	 in	 the	 fisher-
ies	 and	 aquaculture	 sectors	 (Figure	1):	 “which	 species	 does	 a	 fish	
product	contain?”,	“from	where	did	a	fish	originate?”	(Ogden,	2008;	
Rasmussen	 &	Morrissey,	 2009),	 “was	 it	 captured	 legally?”	 (Glover	
et	al.,	2012a)	and	even	the	 farm	of	origin	of	aquaculture	escapees	




This	 is	 regrettable	 since	 there	 clearly	 is	 a	 need	 to	 strengthen	
fisheries	 control	 and	 enforcement	 schemes	 to	 combat	 Illegal,	
Unregulated	and	Unreported	(IUU)	fishing,	which	is	a	major	imped-
iment	 to	 achieving	 sustainable	 and	 profitable	 exploitation	 of	 fish	
stocks.	An	estimate	of	the	global	value	of	IUU	fishing	is	between	10	













A	 number	 of	 reasons	 why	 genetics	methods	 are	 still	 not	 rou-
tinely	 used	 for	 fisheries	 and	 aquaculture	 management	 in	 general	
have	been	extensively	discussed	elsewhere	 (e.g.,	Bernatchez	et	al.,	
2017;	 Ovenden,	 Berry,	 Welch,	 Buckworth,	 &	 Dichmont,	 2015;	
Waples,	Punt,	&	Cope,	2008).	While	it	is	generally	known	that	DNA	
sequencing	costs	have	continuously	declined	over	the	past	decade	
(Wetterstrand,	 2014),	 and	 that	 the	 enormous	 progress	 in	 DNA-	
















2  | SPECIES IDENTIFIC ATION
DNA-	analysis	 for	 species	 identification	 can	 be	 employed	 at	 each	
stage	of	the	market	chain:	at	the	point	of	landing,	it	is	mainly	used	to	
detect	IUU	fishing,	while	at	the	retail	or	import	stages,	DNA-	analysis	
is	mainly	used	 to	detect	product	 fraud	 (e.g.,	mislabelled	 filleted	or	
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their	 traceability	 has	 become	 particularly	 challenging.	 The	 value	
of	 fish	 products	 depends	 on	 several	 factors,	with	 species	 and	 or-
igin	 being	 the	 most	 important	 (Asche	 &	 Guillen,	 2012;	 Asche	 &	
Sebulonsen,	1998;	Wessells,	2002).	Thus,	significant	differences	in	
value	provide	an	incentive	to	mislabel	fish	products.
Fish	 product	 mislabelling	 has	 been	 recognized	 as	 significant	
worldwide	(Miller	et	al.,	2011	and	references	therein),	and	often	oc-







ucts	 (Martinsohn	 et	al.,	 2011;	 Rasmussen	&	Morrissey,	 2009)	 and	





3  | ORIGIN A SSIGNMENT
A	classic	example	of	a	control	issue	in	marine	fisheries	occurs	when	
catches	 from	a	particular	area	are	suspected	 to	have	been	 taken	
elsewhere.	In	such	cases,	control	agencies	will	wish	to	confirm	or	
refute	 the	 alleged	origin	 of	 the	 fish	 or	 fish	 products.	 The	power	
of	 DNA-	analysis	 for	 origin	 assignment	 has	 been	 clearly	 demon-
strated	for	a	wide	variety	of	marine	fish,	such	as	the	European	hake	
(Merluccius merluccius,	Merlucciidae),	Atlantic	cod	 (Gadus morhua,	
Gadidae),	 Atlantic	 herring	 (Clupea harengus,	 Clupeidae)	 and	 com-
mon	 sole	 (Solea solea,	 Soleidae)	 via	 the	 project	 FishPopTrace	
(Nielsen	et	al.,	2012).	 In	principle,	DNA-	analysis	could	be	used	 in	
any	 region	of	 the	world	provided	 the	management	 is	based	on	a	
spatial	 component	 and	 the	 stocks	 (populations)	 can	 be	 distin-
guished	genetically.




to	 a	 range	 of	 ecological	 (Arechavala-	Lopez,	 Sanchez-	Jerez,	 Bayle-	
Sempere,	Uglem,	&	Mladineo,	2013;	Johansen	et	al.,	2012;	Madhun	
et	al.,	 2015)	 and	 genetic	 (Glover	 et	al.,	 2012b,	 2013;	 Karlsson,	
Diserud,	Fiske,	&	Hindar,	2016)	interactions	with	wild	conspecifics.
Atlantic	 salmon	 (Salmo salar,	 Salmonidae)	 serves	as	 the	 leading	
example	of	our	knowledge	of	 farm	escapees	and	the	management	
of	 escape	 events.	 In	 terms	 of	 production	 weight,	 aquaculture	 of	
Atlantic	salmon	 is	1,000	times	that	of	wild	capture	fisheries	 (FAO,	
2018)	and	in	Norway	alone,	the	annual	average	reported	a	number	





to	 1996,	 the	 number	 of	 Atlantic	 salmon	 farm	 escapees	 was	 esti-




Aquaculture	 species	 are	 subject	 to	 selection	 for	 economically	
important	traits.	Consequently,	 interbreeding	results	 in	changes	to	
the	genetic	makeup	of	wild	populations	(Glover	et	al.,	2017),	and	the	
offspring	 of	 farmed	 escapees	 display	 reduced	 survival	 in	 the	wild	
(Bekkevold,	 Hansen,	 &	 Nielsen,	 2006;	 FAO,	 2016;	 Fleming	 et	al.,	
2000;	 McGinnity	 et	al.,	 1997,	 2003;	 Skaala	 et	al.,	 2012).	 Farmed	
escapees	represent	a	significant	threat	to	the	genetic	integrity	and	
the	evolutionary	capacity	of	wild	populations	(Ferguson	et	al.,	2007;	




Two	 challenges	 inherent	 to	 farmed	 escapees	 need	 to	 be	 tack-
led;	 differentiating	 farmed	 escapees	 from	 wild	 fish,	 and	 identify-
ing	 the	 farm	 of	 origin	 of	 escapees.	 The	 former	 can	 be	 addressed	
by	 studying	morphological	 characteristics	 of	 “suspect”	 individuals	




successfully	 used	 to	 identify	 the	 farm	of	 origin	 for	 salmon	escap-
ees	 (Glover,	2010;	Glover,	Skilbrei,	&	Skaala,	2008),	 rainbow	 trout	
(Oncorhynchus mykiss)	(Glover,	2008)	and	Atlantic	cod	(Glover,	Dahle,	
&	 Jorstad,	 2011;	Glover	 et	al.,	 2010)	 as	 evidence	 for	 enforcement	
(Glover,	2010).
5  | A SSESSING THE COSTS OF 
DNA- ANALYSIS IN FISHERIES AND 
AQUACULTURE: THE APPROACH
To	undertake	a	 full	 assessment	of	all	 costs	and	benefits	 for	DNA-	






for	 example	 value	 of	 illegal	 and	mislabelled	 catches,	 losses	 in	 tax	
revenue	 and	 the	 associated	 environmental	 costs,	we	 have	 not	 at-
tempted	 a	 comprehensive	 CBA.	We	 therefore	 performed	 a	 semi-	
quantitative	analysis	to	objectively	assess	the	costs	of	DNA-	based	
technologies	 to	 support	 fisheries	 control	 and	 enforcement	 and	 to	












6.	 Other	 estimated	 costs	 that	were	 initially	 required	 to	 use	 these	
tools	(fixed	costs),	such	as	training	courses	for	inspectors?
The	institutions	were	selected	based	largely	on	prior	knowledge	
of,	 or	 references	 to	 authorities	or	 institutions	which	have	used	or	





the	 total	operational	 costs	 (sampling	and	processing)	of	 the	DNA-	




DNA-	analytical	 capacity	 (knowledge,	 premises	 and	 equipment)	 al-
ready	exists.









6.1 | Mislabelled imports of catfish into the USA
Following	 complaints	 from	 the	 Association	 of	 Catfish	 Farmers	 of	
America	about	the	massive	import	of	cheap	catfish,	in	2003	the	USA	
imposed	 an	 anti-	dumping	 tariff	 on	 catfish	 imports	 (Duc,	 2010).	 A	
number	of	companies	attempted	to	circumvent	the	tariff	and	con-














catfish	 products	 were	 correctly	 labelled.	 Altogether,	 1,505	 sam-
ples	 were	 analysed	 at	 a	 total	 cost	 of	 61,780	USD.	 In	 four	 of	 the	






6.2 | Other cases where DNA- analysis has been 
used for species identification in the US
Information	from	NOAA	was	provided	for	43	additional	cases.	These	
cases	were	related	to	illegal	catches	or	imports	of	marine	mammals	
and	 endangered	 species	 and	 illegal	 fishing	 practices	 (e.g.,	 illegal	
gears,	 lack	of	Turtle	Excluder	Devices).	The	43	cases	 involved	 the	
analysis	 of	 593	 samples,	with	 a	 cost	 of	 24,343	USD.	 Evidence	 for	
infringements	were	found	in	33	of	the	43	cases.	Fines	were	imposed	
in	 18	 cases,	 accounting	 for	 1,794,872	USD,	which	 is	 74	 times	 the	
analytical	costs.
7  | COSTS OF DNA- ANALYSIS FOR ORIGIN 
A SSIGNMENT










catch	 of	 pollack	 (Pollachius pollachius,	Gadidae)	which	 is	 unusual	








staff,	 973	 for	 laboratory	 working	 time	 and	 162	 for	 operations).	
Hence,	 the	 estimated	 value	 of	 the	 detected	 IUU	 catch	 was	 14	
times	 higher	 than	 the	 analytical	 costs,	 and	 the	 fines	 were	 five	
times	higher	than	the	analytical	costs.
The	 second	 case	 took	 place	 in	 2006,	 when	 two	 fishing	 ves-
sels	 landed	922	tonnes	 of	 sprat	 from	 the	Baltic	 Sea	 at	 a	 port	 in	
the	north-	western	part	of	Jutland.	The	vessels	were	only	allowed	
to	 harvest	 400	tonnes	 each	 from	 the	 Baltic	 Sea,	 and	 the	 vessel	
owners	invented	a	trip	in	the	logbooks	claiming	the	fish	in	excess	
was	caught	in	the	North	Sea.	Genetic	testing	showed	that	it	was	






cod	case	given	above,	 strongly	 indicate	 that	 they	were	 substan-
tially	lower	than	the	fines.
8  | COSTS OF DNA- ANALYSIS TO 
IDENTIF Y THE FARM OF ORIGIN OF 
AQUACULTURE ESC APEES
The	Norwegian	 Institute	 of	Marine	 Research	 (IMR)	 developed	 a	






A	 detailed	 account	 of	 the	 first	 nine	 cases	 is	 available	 in	 Glover	
(2010).
In	 the	 rainbow	 trout	 case,	 and	 one	 of	 the	 two	 Atlantic	 cod	
escapes,	 a	 non-	ambiguous	 genetic	 signal	 confirming	 their	 farm	
of	origin	was	obtained.	However,	 there	was	no	subsequent	 legal	
investigation,	 so	 no	 further	 assessment	 was	 possible.	 For	 the	
remaining	 17	 cases	 (16	 involving	 salmon	 and	 1	 involving	 cod),	
DNA-	analysis	 was	 used	 as	 part	 of	 a	 legal	 investigation	 on	 the	
probable	origin	of	escapees.	Of	the	17	cases,	two	have	so	far	re-
sulted	in	prosecutions	and	ended	with	fines	of	~40,642	USD	and	
~121,925	USD	 for	 the	companies	 found	 in	breach	of	 the	 regula-
tions.	For	13	of	the	remaining	15	cases,	the	analyses	have	revealed	
the	most	 likely	 farm	 of	 origin	 for	 the	 escapees,	 but	 legal	 action	
is	pending.	In	summary,	for	the	first	four	cases	(2006–2010),	161	




analytical	 costs.	 Importantly,	 an	 added	 value	 is	 created	 through	
the	origin	assignment	inherent	to	analysis.	This	information	helps	
farmers,	also	those	not	 fined,	 to	 improve	the	quality	of	manage-
ment,	approaches	and	routines	to	reduce	escapes.
9  | THE ANALYSIS IN SUMMARY
The	results	covering	the	four	different	control	and	enforcement	is-
sues	are	summarized	in	Table	1.




An	 accurate	 estimate	 of	 costs	 associated	 with	 DNA-	analysis	
is	 essential	 for	 agencies	 to	 take	 an	 informed	decision	on	whether	
such	analyses	should	become	routine	in	investigating	fisheries	and	
TABLE  1 Data	compiled	for	the	comparison	of	costs	relative	to	monetary	penalties	imposed
Case Samples Cost (USD) Evidence Fines (USD)
IUU/fraud 
value (USD)
Trade	mislabellingcatfish 1,505 61,780 4	out	of	9 1,648,000 n.a.
Other	species	identification 593 24,343 33	out	of	43 1,794,872 n.a.
Origin	assignment n.a. 1,799 1	out	of	1 9,218 25,131
Farm	escapees 1,861 121,015 3	out	of	4 162,567 n.r.
Note.	n.a.	for	not	available,	and	n.r.	for	not	relevant.
TABLE  2 Approximate	costs	associated	with	laboratory	set-	up	in	a	monitoring	and	forensic	context














Validation Species	ID 5 Up	to	two	
markers
Origin	ID 20 Up	to	25	markers




















Validation Species	ID 5 Up	to	two	
markers
Origin	ID 20 Up	to	25	markers
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While,	 to	 assess	 whether	 costs	 might	 be	 prohibitive	 in	 the	




anticipated	 laboratory	 sample	 throughput	 (economies	 of	 scale)	
and	 the	ultimate	use	of	 the	 resulting	data,	 for	 example	 for	mon-
itoring	 purposes	 or	 to	 produce	 forensic	 evidence	 (Ogden,	 2010).	













are	 often	 completed	 and	 a	 service	 available,	 enabling	 a	 price-	per-	
sample	 estimate.	 For	 origin	 assignment,	 undertaken	 on	 a	 species-	











testing	 could	 be	 routinely	 provided	 by	 non-	government	 diagnostic	
testing	 laboratories;	testing	for	other	species	 is	 likely	to	require	gov-
ernment	subsidy	from	research	all	the	way	through	to	service	provision.





employed	will	 often	be	 identical,	 the	 level	 of	 control,	 documenta-
tion	and	reporting	 in	 forensic	casework	means	that	 the	difference	
in	cost	 is	often	up	 to	a	 factor	of	 ten.	This	has	 implications	 for	 the	
DNA-testing	 strategy	 that	 enforcement	 agencies	employ,	 suggest-
ing	a	model	of	routine	testing	backed-	up	by	occasional	forensic	re-	
analysis	of	any	samples	suggesting	an	infringement	(Figure	3).




Routine	DNA-	analysis	will	 likely	 increase	the	number	of	 infrac-
tions	 detected,	 but	 the	 ratio	 of	 infractions	 found	 per	 control	 in-
stance	will	decrease	compared	to	the	situation	where	only	suspect	
samples	are	analysed.























































tial	 cost-	saving	effect	 (R.	Withler,	 pers.	 comm.).	 It	 is	worth	noting	
that	the	deterrent	effect	can	be	further	enhanced	when	combined	
with	carefully	adjusted	fines:	The	routine	application	of	genetic	anal-













jrc.ec.europa.eu).	 Furthermore,	 the	 marked	 reduction	 in	 costs	 for	
DNA-	analysis	means	that	the	establishment	of	robust	genetic	refer-
ence	baseline	data	is	much	more	feasible	than	in	the	past	and	hence	
























Although	 control	 and	 enforcement	 for	 fisheries/aquaculture	
is	costly,	the	absence	of	such	activities	can	be	even	more	costly	in	
socioeconomic	and	environmental	terms	that	can	arise	through	un-






it	 is	 interesting	 to	note	 that	 the	Control	Regulation	 (EC)	1224/2009	
for	the	Common	Fisheries	Policy	(CFP)	of	the	European	Union	refers	






that	more	 similar	 studies	will	be	 launched	and	 that	 the	 results	 from	




Meanwhile,	 we	 believe	 that	 there	 are	 a	 sufficient	 number	 of	
examples	 which	 provide	 robust	 evidence	 for	 the	 power	 of	 DNA-	




sectors	 thereby	 justifying	 their	 integration	 in	control	and	enforce-
ment	on	a	routine	basis.
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